extended species in the Mediterranean area of the Iberian Peninsula-also experiences the aforementioned recruitment limitation (Pulido and Díaz 2005; Siscart et al. 1999) . In this region the species forms a genuine, human-derived, savannalike ecosystem type, named locally "dehesa" in Spain, and "montado" in Portugal (San-Miguel 1994; Blanco et al. 1997; Costa et al. 2006 ).
The Spanish "dehesas" derive from a long history of human transformation of Mediterranean forest through clearing, browsing and grazing, although they have expanded considerably over the past two centuries (Costa et al. 2006; Martín-Vicente and Fernández-Alés 2006) . Today they occupy over 3 million ha and are devoted to extensive livestock grazing and wild game. The "dehesas" are composed of an overstorey of scattered oaks (mainly holm-oak and secondary Q. suber L. cork oak), at 20-30 trees/ha, and an annual grasslands layer. Shrubs interspersed in the grassland matrix may also occur but they are usually confined to less transformed and intensively grazed patches, usually dedicated to wild game. Mediterranean "dehesas" are considered a model of sustainable resource-use to all fragile areas in the Mediterranean region (Joffre et al. 1988) . They are of high environmental value because they support high animal and plant biodiversity and provide important environmental services such as supplying high quality food products, regulating water and carbon cycles and preventing the spread of wild fires (Doctor-Cabrera 2003; Costa et al. 2006) . For those reasons "dehesas" are to be preserved under the EU Habitats Directive, and part of their territory has been included as a Biosphere reserve by UNESCO's MaB programme ("Dehesas de Sierra Morena").
Holm-oak is undergoing a severe decline process at present in many Spanish "dehesas" due to pathogens, former inappropriate soil management, and/or climate change (Brasier et al. 1993; Barberó et al. 1992; Peñuelas et al. 2001; Moreira and Martins 2005) . This situation, and the aforementioned low recruitment of new individuals to the populations, threatens the long term persistence of "dehesas" (Pulido et al. 2001; Moreno and Puliod 2009) . For this reason it is important to develop proper methods to improve recruitment of new seedlings in "dehesas".
The common strategy of mass planting tree seedlings in open spaces is inadequate to restore "dehesas" or deforested areas in Mediterranean and seasonally dry environments because of high seedling mortality during summer (e.g., Gómez-Aparicio et al. 2004; Fernández-Alés 2005, Castro and Frietas 2009) . Planting holm-oak acorns or seedlings in open spaces and irrigating them during the first summer is another technique that has been used to afforest abandoned agriculture lands (e.g., Gimeno et al. 1994; Rey-Benayas 1998) . In addition, the use of shrubs as nurse plants for woody seedlings has been applied successfully to the restoration of degraded Mediterranean areas using different species (see, for instance, Padilla and Pugnaire 2006; Rey et al. 2009 ). In this case, seedlings of the target species are planted beneath a shrub canopy, which ameliorates the microclimate during summer, causing a decrease in seedling mortality (e.g., Maestre et al. 2001; Castro et al. 2004 Castro et al. , 2006 Gómez-Aparicio et al. 2004; Rey et al. 2009 ). The use of this technique is based on the hypothesis that, under stressful conditions, the negative effect of competition between plants is compensated by protection against environmental stress, resulting in net facilitation (Bertness and Callaway 1994; Callaway et al. 1997) . However the nurse-based technique has shown to be insufficient to restore degraded oak forests in seasonally dry tropical environments (Asbjornsen et al. 2004 ) where a combination of both methods, i.e., seedling irrigation during first summer and shrubs used as nurse plants, was necessary to reach adequate levels of seedling survival (Badano et al. 2009 ). Despite the importance of ensuring holm-oak regeneration in the Mediterranean "dehesas", no studies have been carried out in this area on different methods to improve seedling recruitment.
This paper analyses the efficacy of: (1) shrubs used as nurse plants, (2) summer drip irrigation of seedlings, and (3) both methods combined to restore a "dehesa" in a midmountain Mediterranean area in southern Spain. Myrtus communis L.-an evergreen Mediterranean shrub abundant in slightly grazed "dehesa" patches-was used as nurse plant for holm-oak seedlings.
Methods
The study was conducted in a representative "dehesa" stand located in the "Sierra Norte de Sevilla" Natural Park (37°40′ N, 5°59′W), southern Spain. Climate in the area is Mediterranean with 600-950 mm mean annual rainfall and 17.6-13.4°C mean annual temperature (IMA 2006) . Rain falls mainly between mid-September and mid-May and is negligible during the summer in an average year. The stand is at 400 m a.s.l. mean altitude, on a flat area. The soil is slightly acid, derived from granite rock and its depth is ca 60 cm. The holm-oak mean density is 20 individuals/ha. The understorey consist of annual grasslands and interspersed shrubs, of which myrtle is the major species, forming scattered patches of 7-9 m 2 canopy cover and 1. were selected with a minimal distance of 4 m between a myrtle plant and an open patch. Each treatment was applied on an elementary 2.5×3 m patch beneath the myrtle canopy (MI, MR) or in full-sun (OI, OR). The irrigated plots received a summer drip irrigation and the others were just rainfed.
The drip irrigation system was installed at the beginning of the experiment (i.e., January 2006). It consisted of five, 1,000 L IBC SLX 1400 tanks that were connected to 16 mm T-tape drip irrigation tapes (33 cm emitter spacing) by polyethylene pipes (32 mm ø and 6 ATM, AGR), polyethylene ELBOWS 90°(32 mm ø), polyethylene tee connectors (32 mm ø) and polyethylene ball valves (PN 25 1″) and received water from an irrigation reservoir using a vehicle mounted pump.
Acorns were sown in plots at 0.5×0.33 m spacing (i.e., 40 acorns/plot; 800 acorns in total) in early January. They were buried 5 cm deep into the soil and were protected individually with open top, wire mesh cylinders (8 cm diameter×40 cm high) that were partially buried into the soil to avoid rodent predators. Each protector was tagged with a code for subsequent tracking of seedlings. A mechanical auger (Stihl BT 45) was used to make sowing holes (10 cm in diameter×8 cm in depth). The acorns used in this experiment were collected previously in the stand, all from the same holm-oak tree to avoid maternal differences. They were stored for a month in a cold chamber at 4°C and then selected for sound appearance (i.e., non-external damage) and homogeneous size (i.e., 3 cm in length) before sowing.
Irrigation treatment began in late spring and consisted of supplying 50 L water/seedling in four events: late May, midJune, mid-July and mid-August (i.e., 12.5 L/seedling/event). Field records on seedling state (i.e., emerged, non-emerged, alive, dead) were recorded every 2 weeks during the 1st study year (2006) and monthly during the 2nd study year (2007) . An additional record of seedling survival was carried out at the end of the 3rd year (2008). Seedling height was measured in the set of seedlings that were still alive at the end of each year. When the experiment ended, shoots and roots of 20 randomly selected seedlings, each from a different plot, were harvested, oven-dried (80°C for 48 h) and weighed in the laboratory. Roots were excavated to 40 cm in depth.
Abiotic conditions were characterized during the 1st experimental year. Air temperature was recorded at 30 min frequency using eight data loggers (HOBO H8 Pro Series) placed in randomly selected plots (i.e., four open and four myrtle plots) 10 cm aboveground. Photosynthetically active radiation (PAR) was measured monthly using a 1-m long line quantum sensor (LI 191 Line Quantum Sensor) that was punctually placed in each plot. Measurements were taken at noon on clear days. Data on monthly rainfall during the study years were provided by a meteorological station close to the stand (C.H.G, station 732, Spanish Environmental Office).
Data treatment
Differences among treatments in number of emerged seedlings per plot were analyzed using Kruskal-Wallis test and the same test was used to analyze differences among treatments in number of living seedlings per plot in the 3rd year of the experiment. Duncan tests on the entire set of observations ranked from the smallest to the largest were performed to detect homogeneous groups of treatments (Conover and Iman 1981) . Survival analysis (KaplanMeier method and log-rank test) were used to examine differences among treatments in emergence timing (i.e., time from sowing to seedling emergence) and in seedling longevity (i.e., time from seedling emergence to death). Living seedlings at the end of experimental period were managed as censored data in these analyses (Swinscow and Campbell 2002) . Treatment effect on seedling height was tested using one-way ANOVA. Data on seedling biomass were analyzed using General Linear Models with habitat type (i.e., open, myrtle) and watering treatment (i.e., rainfed, irrigated) treated as random and fixed effects, respectively. Differences among treatments in air temperature were analyzed using T-test for paired comparisons (Sokal and Rohlf 1981) . All analyses were carried out using SPSS Statistic 17.0 software (SPSS, Chicago, IL).
Results

Abiotic conditions during the experimental period
The total annual rainfall during the experimental periodyears 2005/2006, 2006/2007 and 2007/2008-was 627, 995 and 787 mm respectively (Fig. 1) . Those values were considered to fall within the average annual rainfall in the area (i.e., 600-950 mm) except for the year 2007, which was slightly wetter especially during autumn. Air temperatures measured during the 1st experimental year (Table 1 ) differed significantly in the myrtle and open microhabitats (P 0 0.001, 0.002 and 0.002 for maximal, mean and minimal air temperatures, respectively). The former exhibited lower mean and maximal air temperatures but higher minimal temperature than the latter. Maximal air temperature exhibited the greatest difference among the microhabitats tested. On average it was 4.3°C lower beneath the myrtle canopy than in full sun. There were also significant (gl 011, t 010.59, P <0.001) differences with regard to microhabitats in photosynthetically active radiation (PAR) reaching the understory. PAR was ca 20-fold lower beneath the dense myrtle canopy (Table 1 ) than in full sun.
Seedling emergence
A total 473 seedlings (i.e., 59 % sown acorns) emerged throughout the whole experiment, all of them during the 1st experimental year. The mean number of emerged seedlings per plot did not change significantly among treatments (X 2 07.046; gl03; P00.07) although it was slightly higher in MI than in the other treatments ( Table 2 ). The time span from acorn sowing to seedling emergence (i.e., emergence timing) ranged from 113 to 333 days. Most seedlings (i.e., 96 %) emerged before summer but some of them (4 % seedlings) emerged in autumn. Fig. 1 Monthly rainfall during the study period To analyze differences among treatments in seedling emergence timing, log rank tests were first conducted to compare emergence timing among replicated plots within each treatment. As the results indicated no significant differences among plots (X 2 01.961, P00.16; X 2 00.005, P00.95; X 2 00.042, P00.34 and X 2 01.084 P00.29 for OR, OI, MR and MI treatments, respectively) data were pooled from replicated plots to subsequent comparisons among treatments. The emergence timing of seedlings (Table 2) exhibited general significant differences among treatments (X 2 019.23, gl03, P00.0001). Seedlings emerged significantly faster in open microhabitat (OR and OI treatments) than in myrtle (MR and MI treatments).
Seedling longevity and survival
To analyze differences among treatments in seedling longevity, survival analyses were carried out. As in previous cases, data from replicated plots within each treatment were pooled as there were no significant differences among replicated plots within any treatment (log rank tests: X 2 05.87, P00.21; X 2 03.56, P00.47; X 2 08.41, P00.78 and X 2 06.85, P00.14 for OR, OI, MR and MI treatments, respectively).
Survival functions (Fig. 2) and log rank test (Table 3 ) indicated general significant (X 2 071.14; P<0.001) differences among treatments in seedling longevity. Median seedling longevity was significantly longer beneath the myrtle canopy (MR and MI treatments) than in full sun (OR and OI treatments). The irrigation treatment had no significant effect on seedling longevity beneath the myrtle canopy (i.e., MR vs MI treatments) but it slightly increased seedling longevity in full sun (i.e., OR vs OI treatments). At the end of the experiment (i.e., December 2008) general differences among treatments were still highly significant (X 2 0 10.764; gl03; P 00.013) although irrigation treatment had no significant effect on seedling survival in full sun (i.e., OR vs OI treatment) nor beneath the Myrtle canopy (i.e., MR vs MI treatment).
Seedling height and biomass
Seedling height varied significantly among treatments at the end of the 1st and 2nd study years (P00.01 and 0.045 for years 2006 and 2007, respectively; Fig. 3 ) with the shortest seedlings in the OR treatment. The same pattern was observed at the end of the 3rd study year (i.e., 2008) although differences among treatments were not significant (P 0 0.061) in this case.
The biomass components of seedlings and their allocation to roots and shoots at the end of experiment changed significantly among treatments (Table 4) due to a significant effect of microhabitat type (i.e., open, myrtle). Irrigation treatment and interaction among irrigation and microhabitat types had no significant effect on those variables. Seedlings grown in full sun were heaviest and allocated more biomass to their roots than seedlings grown beneath the myrtle canopy (Fig. 4) .
Discussion
A decrease in air temperature found beneath the Myrtle canopy (Table 1) is a common micro environmental change induced by shrubs and tall plants. Its effect on seedling survival has been studied repeatedly in seasonally dry environments (Maestre et al. 2003; Breshears et al. 1998; Gomez-Aparicio et al. 2005) . However, its effect on seedling emergence, assessed in this study, has been analyzed less frequently. The results of this study indicated significantly faster emergence when acorns were sown in full sun (Table 2) where the temperature was higher (Table 1 ). The close connection between germination timing and temperature requirements for germination exhibited by most seeds (Harper 1977; Fenner and Thompson 2005) likely explain the reduction in emergence timing of holm-oak seedlings under warmer full sun conditions. A positive correlation between the establishment of tree seedlings and spring temperature over a sequence of years, alternating warm and cold springs has been also found in temperate forests (Ibáñez et al. 2007 ). However, belowground competition by Myrtle during holm-oak seedling pre-emergence could have also played a role as this is common in different kind of habitats, including arid and semiarid areas (see Fowler 1986 for a review; Casper and Jackson 1997).
The low longevity and survival of non irrigated holm-oak seedlings grown in full sun in spite of normal-to-high annual rainfall (i.e., 627, 995 and 787 mm) during our study years is a general pattern for many woody species in Mediterranean environments (e.g., Di Castri et al. 1981; Herrera et al. 1994; Pausas et al. 2004; Badano et al. 2009; Rodríguez-Calcerrada et al. 2010 ). In fact holm-oak seedlings are found to exhibit high drought intolerance when compared to other Mediterranean species (Zavala et al. 2000; Sánchez-Gómez et al. 2006 ). Under exposed full sun conditions, summer irrigation increased seedling longevity greatly during the 1st experimental year (Fig. 2) , but this beneficial effect was much lower during the 2nd experimental year, and was completely lost at the end of the experiment. Those results disagree with studies carried out in Mediterranean set-aside agriculture lands (Rey-Benayas 1998) where 1st year summer irrigated Quercus ilex seedlings exhibited a high survival rate from 1st to last (i.e., 3rd) experimental year. However soil properties in these abandoned agricultural environments undoubtedly differ from those of the never-ploughed, highly trampled soils in our study sites. It has been stated that the first growing season dry period is the main bottle-neck for woody seedling recruitment in seasonally dry environments (e.g., Herrera et al. 1994; Rey-Benayas 1998; Rey and Alcántara 2000; Pulido and Díaz 2005) . This may explain why the analysis of irrigation effect on seedling survival is limited to the 1st experimental year in some studies (Badano et al. 2009 ). However, the results of the present study do not endorse those assumptions as they show the relevance of a longer period. It is important to note that seedling survival in full sun at the end of the experiment was low regardless of whether they were irrigated or not during establishment in summer. However, in wetter Mediterranean mountain areas enhanced Q. ilex seedling survival by irrigation in open areas has been found (Mendoza et al. 2009 ).
By contrast, the high and temporally consistent facilitative effect of myrtle on holm-oak seedlings recruitment (Fig. 2) agrees with a commonly observed positive nurse effect of shrubs and tall plants on recruitment of woody seedlings in Mediterranean and other seasonally dry environments (for instance Maestre et al. 2001; Castro et al. 2002 Castro et al. , 2004 Castro et al. , 2006 Gómez-Aparicio et al. 2004; Marañón et al. 2004; Rey et al. 2009 ). Changes in micro environmental conditions involved in the aforementioned nurse effect include protecting seedlings against high irradiance and temperature, increasing humidity, which improves seedling Fig. 3 Seedling height at the end of each study year (mean + SE). Similar letters indicate non significant differences according to HDS Tukey tests water status, and increasing nutrient availability in rhizosphere by high litter accumulation and decomposition (for instance Callaway 1995; Canham et al. 1996; Castro et al. 2002 and references therein) . Our results on a lack of significant effect of 1st year summer irrigation in the Myrtle microhabitat (Tables 1, 2; Fig. 2 ) suggest that holm-oak seedlings apparently did not experience a high water constraint beneath the dense myrtle canopy. Those results agree with findings on shaded Mediterranean woodlands where summer irrigation had no effect on Q. ilex seedling survival (Mendoza et al. 2009) , and with studies on the low impact of drought on woody seedling survival, growth and physiological and structural leaf response under shade conditions in Mediterranean environments (Sack 2004; Quero et al. 2006; Sánchez-Gómez et al. 2006) .
However, these findings disagree with studies carried out in seasonally dry tropical environments (Badano et al. 2009 ), where a combination of both techniques, i.e., planting oak seedlings beneath canopy of pioneer shrubs and irrigating them during the dry season, was necessary to reach restoration goals. Canopy characteristics of species used as nurse plants is likely to be an important determinant of their facilitative effect on recruitment of target seedlings. The differential effect on recruitment of target woody seedlings of several shrub species used as potential nurse plants was found in degraded mountainous Mediterranean areas (Gomez-Aparicio et al. 2005) . The species used in this experiment, Myrtus communis, is an evergreen sclerophillous shrub (Valdés et al. 1987 ) whose closed canopy intercepts a high level of sun radiation as evidenced by the low PAR level reaching its understorey (i.e., 6 % full-light PAR on average) in our study stand. A similarly low (i.e., 3-33 %) irradiance level has been also found in other Mediterranean forest understory (Marañón et al. 2004; Valladares et al. 2008) , and has been used as representative light-end in controlled experimental studies on Mediterranean woody species (Broncano et al. 1998; Quero et al. 2006; Sánchez-Gómez et al. 2006) . Holm-oak has been defined as a shade-tolerant, slow-growing species whose seedlings are able to survive deep shade conditions (Espelta et al. 1995; Zavala et al. 2000 )-a pattern exhibited by other big-seeded Mediterranean woody species such as holm-oak (Sánchez-Gómez et al. 2006) . Thus deep shade generated by myrtle canopy and associated environmental changes provide holm-oak seedlings with suitable conditions for recruitment.
Our results on seedling biomass and height under different micro environmental conditions indicate a high and significant impact of PAR reduction on seedling growth, as all biomass components were significantly lower in seedlings growing beneath the myrtle canopy than in the few that survived in full sun (Table 3, Fig. 3 ). These results agree with studies in controlled conditions reporting that Q. ilex seedlings growing at low (i.e., 1-16 %) PAR level exhibited poor biomass growth by comparison to seedlings growing at high (i.e., 36-100 %) PAR level (Retana et al. 1999 , Sánchez-Gómez et al. 2006 . The relatively lower allocation of biomass to roots and higher to shoots of seedlings growing beneath Myrtle canopy in comparison to full sun conditions (Fig. 4) is a common response of many woody seedlings to light shortage (Reich et al. 1998) . Seedlings growing beneath Myrtle canopy tended to be taller than those growing in full-sun (Fig. 3) . However, only the OR treatment differed significantly from the others during the 1st experimental year, while differences were lost afterwards. An increase in seedling height in low-light environments by comparison to high-light ones is usually related to elongation (Valladares et al. 2002 )-a well documented shade avoidance strategy in plants (Pearcy et al. 2005 ).
Management implications
In view of the low efficiency of 1st year summer irrigation-an expensive treatment that did not increase the low general recruitment of holm-oak seedlings in open spaces nor improve the already high seedling recruitment beneath myrtle in our study stand-this technique cannot be considered as a general solution to restore Mediterranean "dehesa" ecosystems. By contrast, the use of Myrtus communis and other naturally occurring evergreen shrubs (e.g., Arbutus unedo L., Pistacia lentiscus L. etc.), which provide deep shade beneath their canopies, as nurse plants should be taken into account in planning restoration of such ecosystems. The patchy distribution of myrtle and other evergreen species and/or their absence in some "dehesas" made extensive use of this technique difficult. To enhance regeneration of holm-oak in "dehesa", passive restoration, i.e., abandonment of grazing activity over 20 years that led to shrub encroachment and an associated increase in holm-oak saplings and juveniles (Ramírez and Díaz 2008) , was proposed. However, long-abandoned "dehesas" usually become dominated by summer semideciduous rockroses like Cistus ladanifer and other pioneer shrubs (Castro and Freitas 2009 ) that do not provide deep shade. Their effect on holm-oak seedling recruitment is still controversial Moreno-Marcos et al. 2009 ). In addition, abandoned "dehesas" lose their value as grazing systems. An alternative solution is to create closed patches in "dehesas" by active restoration, i.e., planting evergreen shrubs when necessary. That would provide the proper conditions for the sexual regeneration of holm-oak as it is a shade-tolerant species during the regenerative stage (Espelta et al. 1995; Zavala et al. 2000) . Moreover, such patches, which should include meaningful assemblages of Mediterranean shrubs, would provide shelter and food resources for animals, including acorns dispersers (Pulido and Díaz 2005) , thus increasing general plant and animal biodiversity in these systems. A careful design of patch composition, size and distribution would provide suitable sites for planting holm-oak seedlings or acorns without damaging the environmental and economic values of "dehesas" ecosystems.
